Abstract Against Clostridium perfringens, a common cause of food poisoning, antimicrobial activity and methyglyoxal (MGO) contents of six multifloral organic honeys were investigated, five from Finland and one from Argentinian and Hungarian origin. For the antimicrobial assessment, a disc diffusion method was used with zone of inhibition expressed as a diameter. Four honeys had inhibitory activity (diameter >8 mm) compared to control (diameter of 6.1 mm±1.5) at the concentration of 50 % (w/v). The highest activity was induced by North Carelien multifloral honey F with willow herb as the main floral source (diameter of 14.3 mm ±0.6), followed by other North Carelien multifloral honey E (diameter of 11.0 mm±2) with clover as the main floral source. For honey F, the minimal inhibitory concentration (MIC) was 20 % (w/v). MGO was quantified by HPLC and varied from 22 to 27 mg/kg. MGO had no correlation to the detected activity. This is a novel finding on the antibacterial activity of native organic honeys and against C. perfringens.
Introduction
It is now widely accepted that honey has antimicrobial activity and that this is dependent upon a variety of different modes of action (Molan 1992) . Antibiotic resistance is a serious problem worldwide and has made the search for new antimicrobial compounds highly important (Dixon 2003; Laxminarayan et al. 2013) . Antibiotics have been associated with development of antibiotic-resistant bacteria that can cause foodborne illness. On the other hand, food market trends are constantly changing. Nowadays, consumers have become more demanding and more aware in relations of food that they eat. They search for food of higher quality, which means less extreme treatments and/or additives, more foods with fresh and authentic attributes (Gould 1992) and sustainable diets (Kesse-Guyot et al. 2013 ). These changes have important and significant implications from a microbiological point of view. Microbial growth in foods has negative consequences such as consumer hazards due to the presence of pathogenic organisms or microbial toxins, and it may also result in economic losses as a result of spoilage (Davidson 2001) . Inactivation, growth delay, or growth prevention of spoilage and pathogenic microorganisms are the first steps for food preservation. The use of antibiotics in food production is restricted and must be minimized; this concerns especially organic food. Antimicrobial activity of organic honeys may give a solution for preservation of organic food products. According to the Organic World yearbook (2013), sales of organic products were approximately 21.5 billion euros in 2011, an increase of 9 % over 2010. In Europe, 2.2 % of the agricultural area, and in the European Union, 5.4 % of the agricultural area is organic.
Honey has been used as a traditional medicine for centuries (Zumla and Lulat 1989) . Many in vitro studies have shown antimicrobial activity of different honeys against a wide range of skin-colonizing and foodborne bacterial species, including antibiotic-resistant bacteria (Mundo et al. 2004; Lusby et al. 2005; Lin et al. 2009; Kwakman et al. 2008 Kwakman et al. , 2010 . It has been shown that also in vivo honey has beneficial actions against wound infections (Robson et al. 2009 ), and licensed honey products are widely used in wound care (Cooper et al. 2010) . Recently, significant antimicrobial activity of engineered organic honey against wound infections has been reported (Dryden et al. 2014) . Surgihoney™ is a licensed sterile product which has been developed for wound care and as a dressing for wounds. It consists of honey which has been modified to produce different potencies of antimicrobial activity.
Several properties in honey contribute to its antimicrobial activity. The main antimicrobial factors are high osmolarity, low pH, and hydrogen peroxide (White et al. 1963; Molan 1992 Molan , 2001 . Also, phenolic compounds may contribute to antimicrobial activity (Estevinho et al. 2008) . Revamil® and Manuka honeys, the two medicinal honeys mostly used in wound management, have additional antimicrobial mechanisms. In Manuka honey, the main active component is methylglyoxal (Mavric et al. 2008 ) and from Revamil® honey, an antimicrobial peptide, bee defensin-1 has been identified (Kwakman et al. 2010) .
Many studies on antimicrobial activity of honey have been conducted in non-European countries (Voidarou et al. 2011) , and especially in the southern hemisphere (Lusby et al. 2005; Lin et al. 2009; Allen et al. 1991; Irish et al. 2011) . New Zealand Manuka honey is widely studied and used clinically. However, other honeys with different floral backgrounds and equivalent inhibitory activity have been found (Lusby et al. 2005) .
Clostridium perfringens type A is known to cause a broad spectrum of human and animal diseases. It is one of the most common causes of foodborne illness in Europe, Japan, and the USA (Wen and McClane 2004) . Antibiotic-resistant C. perfringens strains are becoming a major health concern. A study by Teuber (1999) indicated that copious use of antibiotics in agriculture is promoting a large antibiotic resistance problem in foodborne pathogens, including C. perfringens. Because of the rise of drug-resistant strains of C. perfringens, new antimicrobials are needed. In the present study, antimicrobial activity and methylglyoxal contents of five multifloral organic honeys from different parts of Finland and one originating from Argentina and Hungary against food poisoning bacteria Clostridium perfringens were investigated.
Materials and methods

Honey samples
One of the studied honeys was a mixture of organic honeys from Hungary and Argentina made by the producer (referred here as A). All the other honeys examined (referred as B-F) were produced in different parts of Finland. The following organic honeys were studied: honey produced in Eastern Finland, Haarajärvi, North Karelia (referred here as B); honey obtained from Central Finland, Korpilahti, Jyväskylä, (referred here as C); and honey obtained from Eastern Finland Ihastjärvi, South Savonia (referred here as D). Organic multifloral honeys A, B, C, and D were purchased from the local supermarkets in March of 2012. Two of the studied honeys were provided by local beekeepers, North Karelia organic honey from Eastern Finland Hoilola, Joensuu (referred here as F), and organic honey from Eastern Finland Ilomantsi, North Karelia (referred here as E). Honey samples provided by local beekeepers were obtained in ready commercial package. All the studied honeys were multifloral and contained different floral sources. The major floral source was reported to the Finnish honeys B, C, D, E, and F. The major floral sources of honeys B and C were wild raspberry (genus Rubus), willow herb (Epilobium angustifolium), lingonberry (Vaccinium vitis-idea), and bilberry (Vaccinium myrtillus). In honey D, the nectar had been collected mainly from wild raspberry (genus Rubus) and lingonberry (V. vitis-idea) flowers. In honey E, the main floral source was clover (genus Trifolium) and for honey F willow herb (E. angustifolium). Honey D had been treated by quick heat treatment at 50°C in order to melt honey into viscose liquid form. All the other studied honeys were untreated.
Bacterial strain and culture conditions
The bacterium used in this research was a C. perfringens type A strain (α-toxin positive and netB toxin gene negative) isolated from turkey with necrotis enteritis (NE) infection (CLO 555, strain collection of the Finnish Food Safety Authority (Evira)). The strain was cultured on blood agar containing 5 % defibrinated s h e e p b l o o d a n d i n c u b a t e d a n a e r o b i c a l l y (AnaerobicCult A, Merck, Darmstadt, Germany) at 37°C for 24 to 48 h.
Preparation of the honey samples
All the tested honeys were stored in the dark at room temperature until used for antimicrobial assays. The honey solution was handled aseptically. Fifty grams of each honey was weighed and mixed into a 100 ml of sterile distilled water to achieve 50 % (w/v) solution, and the solution was further diluted in sterile distilled water to achieve solutions containing 25, 20, and 15 % (w/v). The solutions were used to saturate paper discs in order to determine zones of inhibition.
To evaluate the osmotic pressure's effect, artificial honey was used. A sugar solution [80 % (w/v) sugar], serving as an artificial honey control, was prepared by dissolving 40 g of fructose, 30 g of glucose, 8 g of maltose, and 2 g of sucrose in 100 ml of sterile distilled water and used diluted as described for the honey samples.
Assessment of antimicrobial activity and determination of minimal inhibitory concentration Antimicrobial activity of honey was analyzed using a disc diffusion assay according to the technique described by Bauer et al. (1966) with adaptation by Taormina et al. (2001) . Screening the susceptibility of bacteria to honeys was carried out with the honey concentration of 50 % (w/v). Sterile paper discs (Whatman-type 3) 5 mm of diameter were prepared. In the preliminary screening, sample discs were impregnated with 5 mg of honey in 10 μl of honey solution at the concentration of 50 % (w/v). When the minimal inhibitory concentration (MIC) value was determined, 20 μl of the 50 % honey solution was used. The control discs were impregnated with 1 μg of penicillin G (Oxoid Microbiology Products, UK) or with sugar solution (described above) or were impregnated with water.
Discs represented positive (the first) and negative controls (the second and the third).
Using a loop, 3-5 identical colonies were picked from a blood agar plate (Biotrading) and transferred into a tube containing 5 ml of brain heart infusion (BHI) broth (Becton Dickinson). The broth culture was incubated under anaerobic conditions at 37°C until it achieved or exceeded the turbidity of 0.5 McFarland standard (a 0.5 McFarland standard was prepared by mixing 0.05 ml of 1 % BaCl 2 •2H 2 O with 9.95 ml of 1 % H 2 SO 4 ). The incubation time was 2-6 h. After adjusting the turbidity of inoculum suspensions, a sterile cotton swab was dipped into the adjusted suspension and streaked over the entire sterile BHI agar surface. Duplicates of the antimicrobial discs with 10 μl of 50 % (w/v) of honey solutions and positive and negative controls were dispensed onto the surface of inoculated agar plate. After incubation time at 37°C for 24 h under anaerobic conditions, zones of inhibition surrounding the discs were measured with a ruler and the average of the diameter of the zones were recorded. At least two independent experiments were carried out.
Honey F was selected for MIC analysis by using agar disc diffusion. In this step, the same technique as described in the preliminary screening was used with the exception that paper discs were impregnated with 20 μl of honey solution. The tested concentrations were 50, 25, 20, and 15 % corresponding discs containing 10, 5, 4, and 3 mg of the honey, respectively. Determined MIC corresponds to the lowest concentration, for which the zone of inhibition showed good inhibitory activity. The determination of MIC for honey F was carried out in two independent experiments.
Quantification of methylglyoxal
Methylglyoxal and o-phenylenediamine were obtained from Sigma-Aldrich Finland. Acetic acid and HPLC grade methanol used for mobile phases of HPLC were from VWR International. Water for sample and solution preparations was obtained from Millipore Synergy water purification system. HPLC system (Merck Hitachi) consisted of D-6000 Interface, L-6200 A Intelligent p u m p , L -4 2 5 0 U V / V I S d e t e c t o r, A s 2 0 0 0 A u t o s a m p l e r , a n d M e r c k R P -1 8 c o l u m n (LiChroCART 124-4, 5 μm).
For longer storage, the honeys were kept frozen in −20°C before methylglyoxal (MGO) determination. For the quantification of MGO in honeys, the honey samples were treated with o-phenylenediamine (OPD), which reacts with MGO to form quinoxaline derivative (2-methylquinoxaline). This derivative was analyzed by HPLC using UV detection. Shortly, honeys (2.5 g) were dissolved in HPLC grade water (30 % w/v) and then treated with 2 % (w/v) OPD in 0.5 M phosphate buffer (0.75 ml, pH 6.5) for 16 h. Reactions were performed in the dark at room temperature. After membrane filtration (0.45 μm), samples were analyzed using HPLC system according to the method described by Mavric et al. (2008) . Two replicates were performed for each honey and the average is reported. External calibration of HPLC system was performed using four standards (3, 6, 15, and 30 mg/l). Standards were prepared from MGO and they were treated and analyzed like samples.
The quinoxaline derivative of MGO was detected with UV at 312 nm and it was eluted at retention time 43 min in chromatograms. The recovery of MGO was validated by adding a known amount (30 μg) of MGO to honey samples (2.5 g) which were analyzed using the HPLC system. The recovery was 100-101 %, when calculated as follows:
Recovery % ¼ 100 Â Calculated content of MGO in spiked sample ð Þ = Calculated concentration of MGO in no-spiked sample ð Þ :
Results and discussion
Screening the susceptibility of bacteria to honeys and determination of minimal inhibitory concentration
In the preliminary screening, all the honeys samples were tested against C. perfringens type A strain. The concentrations of the honey solutions were 50 % (w/v) (5 mg). The activity of the tested honeys was expressed by zone of inhibition (Table 1 ). From all the tested honeys, Finnish organic honeys B, C, E, and F showed higher antimicrobial activity than water control (diameter of zone of inhibition >5.2 mm±0.5) and artificial honey sugar solution (diameter of zone of inhibition 6.1 mm±1.5). The broadest zone of inhibition against C. perfringens was induced by honey F (diameter of zone of inhibition 14.3 mm±0.6) followed by honey E (diameter of zone of inhibition 11 mm±2) and honey B with the zone of inhibition diameter of 8.3 mm±2 and honey C with the zone of inhibition diameter of 7.5 mm ±0.7; honeys A and D did not show any antibacterial activity against C perfringens. Negative water control did not show any activity, and positive antibiotic control was constantly high (diameter of zone of inhibition of 30.8 mm±1.4). After screening the organic honeys against C. perfringens, honey F that showed the highest antibacterial activity was tested for the minimum inhibitory concentration (MIC), the lowest concentration of honey inhibiting visible growth of the bacteria. MIC was determined by measuring the zone of inhibition (Table 2) . Twenty microliters of the honey concentrations 50, 25, 20, and 15 % were pipetted on the discs containing 10, 5, 4, and 3 mg of the honey, respectively. Honey concentrations of 50, 25, and 20 % induced better antimicrobial activity than artificial honey, sugar solution SS Results are based on two individual experiments + low inhibition (6-7 mm), ++ moderate inhibition (7-9 mm), +++ good inhibition (>10 mm) SS sugar solution, NA not analyzed (Table 2 ). Down to the dilutions of 25 and 20 %, the sugar effect increased in the control, but was lower than induced by the corresponding honey dilution. At 15 % concentrations, the results were not clear and the zones of inhibition could not be distinguished. Honey F showed higher antimicrobial activity against C. perfringens down to the concentration of 20 % than the control sugar solution. For honey F, the MIC value was thus 20 % (4 mg).
There are many factors in honey that effect on the growth of C. perfringens. C. perfringens is not tolerant of low water activity (a w ), reported values for tolerance being between 0.93 and 0.97 (Labbe 1989) . Honey is a supersaturated sugar solution with 0.56-0.62 a w (Molan 1992) , which partly explains the inhibitory activity against C. perfringens. In our study, a sugar control, artificial honey, was used to eliminate the hyperosmotic effect of honey in the results. Antimicrobial activity was recorded when the zone of inhibition was higher than induced by control. Thus, in honeys B, C, E, and F, the antimicrobial activity results from additional factors to sugar.
Like most microorganisms, C. perfringens initiate growth most readily at neutral pH, although excellent growth occurs between pH 6 and 7. Smith (1972) reported that growth of C. perfringens is severely limited at pH ≤5.0 and pH ≥8.3. The pH of honey is between 3.2 and 4.5. The most active honey F showed activity in dilutions up to 20 % with raised pH. In honey F, at least, this suggests that there may be also other factors than pH that act as antimicrobials.
The variation on antibacterial activity of the honeys could be attributed to the floral source. In honey F, the main floral source was willow herb. In our previous study with Finnish monofloral honeys (Huttunen et al. 2013) , we found that the best antimicrobial activities were received with willow herb (E. angustifolium), heather (Calluna vulgaris), and buckwheat (Fagopyrum esculentum) honeys against the studied human pathogenic streptococcal and staphylococcal strains. In the present study, honey E had the second best activity after honey F. In honey E, the major nectar source was clover. Clover honey has been reported to possess antimicrobial activity against Pseudomonas aeruginosa (Lu et al. 2013) . In honeys B and C, the antimicrobial activity was quite equal. The major floral sources in honeys B and C were wild raspberry, willow herb, lingonberry, and bilberry. In honey D, which was negative, the major sources for the nectar were wild raspberry and lingonberry. The floral source of honey A was not reported.
The geographic region where the honey is produced may influence on antimicrobial activity of honey. In the present study, four of the five Finnish organic honeys had antimicrobial activity. The main difference compared to the active honeys was that the non-active honey D had been treated by heating shortly at 50°C to melt crystals. One may speculate that heating have destroyed the active components. All the other Finnish honeys had crystals and were untreated. Honey A from Argentina and Hungary was reported to be untreated and contained crystals, but it did not show inhibitory activity. The flower source was not reported by the manufacturer. The reason for the inactivity remains unsolved. In the present work, the effect of hydrogen peroxide cannot be excluded because neither the heat treatment nor catalase addition was included in the study. Kokubo et al. (1984) found spores of Bacillus and Clostridium in honeys from processing plants and retailers. Of the studied 71 samples, 6 contained C. perfringens. In connection to this, it was reported that the growth of Bacillus cereus strains was not inhibited by honeys they investigated (Taormina et al. 2001 ). Higher tolerance of C. perfringens against honey was not seen in our study. Native organic honeys have not been investigated before as regards their antimicrobial activity, and they may even have unknown antimicrobial factors. In Finland, organic honey production is regulated by the European Commission and controlled by the Finnish Food Safety Authority, Evira.
Quantification of methylglyoxal in the honeys
In addition to the main antimicrobial factors of honey, namely high osmolarity, low pH, and hydrogen peroxide, in Manuka honey, the main active component is methylglyoxal (MGO) (Mavric et al. 2008) . In Manuka honey, the MGO concentrations are high ranging from 38 to 761 mg/kg, up to 100-fold higher compared to non-Manuka honeys (Mavric et al. 2008) . In the present study, we showed that the amounts of MGO were quite equal in all the studied organic honeys including inactive honeys A and D. MGO contents varied from 22 to 27 mg/kg (Table 3) , which is tenfold higher than in conventionally produced non-Manuka honeys. There was no correlation between MGO and antimicrobial activity of the honeys. In the studied organic honeys, the antimicrobial activity against C. perfringens is thus due to other factors than MGO, and those factors remain here unknown.
Because of increasing drug resistance also against C. perfringens strains, new antimicrobials are needed. Antibacterial activity of several conventional honeys has been investigated for their potential action against foodborne pathogens (Taormina et al. 2001) . Our data show that from the six organic honeys tested, four had antibacterial action, and two of the honeys had no activity against C. perfringens strain. There are no previous studies on the antimicrobial activity of honeys against C. perfringens. The effect of organic regime of the bees on antimicrobial activity of the organic honeys remains open. The importance of the present work is especially in protection against food spoilage bacteria, here shown for C. perfringens.
Conclusions
In conclusion, we here report for the first time the antibacterial activity of native organic honeys and activity of honey against C. perfringens, a food poisoning bacterium. The activity was not MGO-dependent and may result from several known and unknown factors. In this study and as also shown in our previous studies on conventional Finnish honeys (Huttunen et al. 2013) , different honeys have varying and diverse effects on the growth of bacteria. Each organism has unique response profile to different honeys, and the antimicrobial effects are due to combination of several factors in honeys. The present study gives rationale for further studies on antimicrobial activity of organic honeys against food poisoning bacteria including characterization of the antimicrobial components. Considering organic honeys as preservatives in food products, especially in organic food, it would be important to characterize the antimicrobial components and to evaluate the effects of heat and storage on the activity. Clinical intervention would be valuable to confirm the possible protective impact of the studied honeys against C. perfringens infections in humans. 
